This study was conducted in order to (i) determine the effect of food, orange juice, or antacids on the absorption of a single oral 500-mg dose of ethionamide (ETA) in healthy volunteers, including an assessment of bioequivalence, and (ii) determine ETA population pharmacokinetic (PK) parameters. The pharmacokinetics of ETA in serum was determined for 12 healthy males and females in a randomized, four-period crossover study. Volunteers received single 500-mg doses of ETA either on an empty stomach (reference) or with food, orange juice, or antacids. Serum samples were collected for 48 h and assayed by high-performance liquid chromatography. Data were analyzed by noncompartmental and population methods. Mean test/reference ratios and 90% confidence intervals were determined. No statistically significant differences were seen in the maximum concentration of ETA (C max ), time to maximum concentration (T max ), or area under the concentration-time curve from 0 h to infinity (AUC 0-ؕ ) between the four treatments (P > 0.05 by analysis of variance). The least-squares mean ratios (with confidence intervals in parentheses) for C max were 105% (81.2 to 135%) after orange juice, 94% (72.8 to 121%) after food, and 88% (68.4 to 114%) after antacids. The least-squares mean ratios (with confidence intervals is in parentheses) for AUC 0-ؕ were 91% (72.7 to 115%) after orange juice, 96% (76.4 to 121%) after food, and 95% (75.5 to 120%) after antacids. The mean T max was slightly prolonged following antacid or food administration (2.3 to 2.6 h) compared to administration on an empty stomach or with juice (1.7 to 1.9 h) . The median population PK parameters were as follows: K a ‫؍‬ 0.37 to 0.48 h ؊1 , V/F ‫؍‬ 2.0 to 2.8 liters/kg, CL/F ‫؍‬ 56.5 to 72.2 liters/h, and terminal half-life ‫؍‬ 1.7 to 2.1 h, where K a is the absorption rate constant, V is the volume of distribution, and CL is clearance. The PK behavior of ETA was not significantly modified by the different conditions studied. Mean ratios for AUC ranged from 0.91 to 0.96 for the orange juice, food, and antacid treatments, indicating a minimal effect on relative bioavailability. ETA can, therefore, be administered with food if tolerance is an issue.
Ethionamide (ETA) is a bacteriostatic, isonicotinic acidderived antituberculosis agent (10, 28) . It is used in combination for the treatment of clinical tuberculosis that has failed to respond to adequate first-line therapy (1) . Very limited information exists in the literature regarding the pharmacokinetics (PK) of ETA in healthy volunteers or in patients with tuberculosis. ETA is often administered with meals to reduce gastrointestinal intolerance (1) . However, to our knowledge, the effects of food, as well as those of antacids or acidic beverages on the PK of ETA have not been evaluated in a crossover study. We have previously demonstrated that food has minimal effect on the absorption of ethambutol and pyrazinamide, while antacids should be avoided near the time of ethambutol dosing (17, 18) . Similarly, we have found that rifampin and isoniazid should be given on an empty stomach whenever possible (20, 21) . It is important to determine the conditions that may impair or promote the achievement of adequate serum ETA concentrations. Low, concentrations in plasma may prevent the complete eradication of Mycobacterium tuberculosis, leading to therapeutic failure and the development of drug resistance. This study was conducted in order to (i) determine the effect of food, orange juice, or antacids on the absorption of a single 500-mg oral dose of ETA in healthy volunteers, including an assessment of bioequivalence, and (ii) determine ETA population PK parameters.
MATERIALS AND METHODS
We conducted a four-period, randomized crossover study of ETA. The study protocol followed the guidelines of the Helsinki Declaration of 1975 and its amendments and was approved by the institutional review board at the University of Arizona, Tucson. Written informed consent was obtained from each subject before the study. Sixteen healthy volunteers were scheduled to participate. Subjects were eligible if they were 18 years of age or older and were considered in good health, based on medical history, physical examination, routine serum chemistries, complete blood count with platelets, and urinalysis.
Subjects were excluded if they had histories of kidney disease or an estimated creatinine clearance of Ͻ50 ml/min, liver or cardiovascular diseases, or a hematocrit of Ͻ36% at screening (7) . They also were excluded if any conditions known to interfere with the absorption of drugs were present or if they had known positive human immunodeficiency virus (HIV) serology, AIDS, or a history of hypersensitivity to ETA, clofazimine, cycloserine, para-aminosalicylic acid, or pyridoxine. They were also excluded if they weighed Ͼ130% of ideal body weight, were pregnant or nursing, or had donated blood within 30 days prior to the study. The subjects did not take any other prescription or nonprescription drugs for 1 week before the study or during the entire study period.
Experimental design. Sixteen subjects were randomized in four blocks of four subjects each. This study employed a four-period, randomized crossover design. All subjects received single oral doses of 500 mg of ETA (Wyeth-Ayerst, Philadelphia, Pa), 200 mg of clofazimine (Novartis Pharmaceuticals, East Hanover, N.J.), 500 mg of cycloserine (Dura Pharmaceuticals, San Diego, Calif.), 6 g of para-aminosalicylic acid granules (Jacobus Pharmaceuticals, Princeton, N.J.), and 100 mg of pyridoxine (Goldline Laboratories, Inc., Fort Lauderdale, Fla.) on four different occasions, each separated by at least 2 weeks. This single-dose drug regimen was administered under four different conditions: on an empty stomach (reference), with orange juice, with a high-fat meal, and with antacids. The subjects were housed at the study center from 1 h before to 24 h after the dosing and returned for the 36-and 48-h blood collections. The subjects were instructed to fast overnight prior to each treatment visit. With the exception of study medications and food items included in the study methods, the subjects continued to fast until 4 h after study medication dosing. The subjects were allowed to drink water ad libitum. The orange juice treatment (240 ml of Minute Maid from concentrate) was administered at the same time as study medications. The high-fat meal consisted of two scrambled eggs, two pieces of toast with two teaspoons of butter, six ounces of hashed brown potatoes, two strips of bacon, and eight ounces of whole milk. Subjects began eating the high-fat meal 15 min prior to dosing and were instructed to complete the meal within 30 min. The meal was interrupted for dosing. The antacid treatment consisted of 15 ml of maximum-strength Mylanta (400 mg of aluminum hydroxide, 400 mg of magnesium hydroxide, and 40 mg of simethicone per 5 ml) administered 9 h before dosing, at the same time as dosing, and immediately after meals and at bedtime on the dosing day and the following day.
Sample collection. A 20-gauge venous catheter was inserted into a forearm vein for the collection of blood samples and was maintained patent with a dilute heparin solution (10 U/ml). Two millimeters of blood was withdrawn and discarded prior to collection of each blood sample. A total of 18 12-ml blood samples were collected in vacuum tubes containing heparin sodium before dosing and at 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, 12, 14, 24, 36 , and 48 h after the doses. Samples were centrifuged at 2,500 to 3,000 ϫ g for 10 min. The plasma was then harvested and frozen at Ϫ70°C until assay. A baseline urine sample was collected within 30 min of dosing. Subsequently, all urine was collected from 0 to 24 h. Samples were kept refrigerated during the period of collection. The total volume of the 24-h urine was measured at the end of the collection period, and 10-ml aliquots were frozen at Ϫ70°C until assay.
Sample analysis. Plasma ETA concentrations were determined using a validated high-performance liquid chromatography (HPLC) assay. The standard curve for plasma ETA concentrations ranged from 0.2 to 10 g/ml. The absolute recovery of ETA from plasma was 91%. The within-day precision (coefficient of variation [CV]) of validation quality control (QC) samples was 0.36 to 6.39%, and the overall validation precision was 0.81 to 4.66%. The urine method was similar to that for plasma with an additional 1:1 dilution postextraction. The assay error pattern was determined from QC samples assayed over the course of the study. The assay error pattern was determined by fitting a first-order polynomial to the plot of the assay standard deviations ( y) versus the means (x), producing the formula y ϭ 0.014707 ϩ 0.12393x. The specificity of the HPLC assay for ethionamide was determined by testing spiked samples for approximately 90 other drugs, including the other study drugs. No interferences with the measurement of ETA by clofazimine, cycloserine, para-aminosalicylic acid, or pyridoxine were observed. Safety analysis. Health assessment, including vital signs, physical examination, and clinical laboratory testing (described above), was performed. Subjects were interviewed at the beginning and end of each study period and were monitored throughout the confinement period to determine any adverse events potentially related to study medications or procedures.
PK analysis. PK analyses were performed by using both noncompartmental and population methods (9) . Maximum concentrations of ETA in serum (C max ) and times to these concentrations (T max ) were determined by visual inspection of the plasma concentration-time profiles. At each time point (t), (C t /C max ) ϫ 100% per individual was calculated, and the maximum, median, and minimum values across all subjects were determined. These percentages can provide some guidance regarding sampling times that can be used clinically.
The area under the concentration-time curve from 0 h to infinity (AUC 0-ϱ ) was calculated by the linear trapezoidal rule using the AUC from 0 h to the last measured concentration (C last ) plus C last /K el where t last is the time of the last measured concentration and K el is the terminal elimination rate constant. The elimination of ETA was described by monoexponential decay in plasma ETA concentrations. Therefore, concentrations in plasma following ETA oral administration under all conditions were fit using a linear one-compartment PK model with first-order absorption and elimination processes.
Individual PK parameter estimates were first obtained for each ETA treatment using an iterative two-stage maximum a posteriori probability Bayesian population algorithm (IT2B). These estimates were then used as initial estimates to perform a population PK analysis for each ETA treatment group using a nonparametric expectation maximization (NPEM2) analysis (USCPACK software) (user manual, Laboratory of Applied Pharmacokinetics, University of Southern California, Los Angeles). The four ETA treatment groups were thereafter pooled together because similar results were obtained with all four, and a population PK analysis was reinitiated using the method previously described. Fitted PK parameters included the absorption rate constant (K a ), volume of distribution (V/F), and oral clearance (CL/F). The elimination rate constant (k el ) was determined by dividing CL/F by V/F. The absorption (t 1/2abs ) and elimination (t 1/2 ) half-lives were calculated as 0.693/K a and 0.693/k el , respectively.
The amount of ETA recovered in the urine was calculated as the measured volume of urine multiplied by the corresponding ETA concentration. The percent dose recovered was calculated as total recovery divided by dose multiplied by 100%.
Statistical analysis. Statistical analyses were performed by using JMP, version 3.2.6 (SAS Institute, Cary, N.C.). PK parameters for the four ETA treatments were compared by using an analysis of variance (ANOVA) including effects due to treatment, period, sequence, and subject nested in sequence. If the overall test for differences was statistically significant with ␣ Յ0.05, pairwise differences between treatments and reference were tested by constructing linear contrasts. The comparisons of interest were between fasting ETA (reference treatment) and the test treatments. C max and AUC 0-ϱ were analyzed after logarithmic transformation. Geometric least-squares (LS) means were calculated for each ETA treatment. Calculation of 90% confidence intervals for the ratio of test to reference treatment geometric LS means was conducted for C max and AUC 0-ϱ .
RESULTS
Twelve subjects completed all four ETA treatments. Their characteristics are described in Table 1 . Four subjects (two white females, one Hispanic female, and one white male; ages, 29 to 43 years), withdrew from the study due to adverse events following completion of one to three treatment periods, and their data were not included in the analysis. Overall, only one subject experienced no adverse effects. The most commonly reported adverse effects were gastrointestinal in nature, including nausea, vomiting, and diarrhea. For the majority, these side effects occurred in the morning and improved within 2 to 4 h after lunch. Two subjects had persistent nausea and emesis for up to 12 h after dosing. Headache, dizziness, weakness, and difficulty concentrating were the central nervous system symptoms most frequently noted by study subjects. Gastrointestinal effects were more prevalent when ETA and the other medications were taken with orange juice.
The absorption PK parameters following a single 500-mg dose of ETA are reported in Table 2 for the four different treatments. There was substantial intersubject variability in these parameters, as shown by the wide ranges and the fairly large variability (CV ϭ 36 to 65%). Weight normalizing led to modestly increased variability for C max and AUC 0-ϱ . The percentage of AUC extrapolated to infinity accounted for less than 5% of the total AUC 0-ϱ for all treatments (range, 2.3 to 3.5%). Compared with that for the fasting state, the mean C max was increased by orange juice (9%) and slightly decreased by antacids (Ϫ4%), and no effect was shown with food. The absorption of ETA was delayed by the concurrent ingestion of orange juice (12%), food (53%), or antacids (35%). The mean extent of absorption for ETA was slightly reduced by orange juice (Ϫ4%) and slightly or increased by antacid (4%) but not affected by food. The ANOVA for C max , AUC 0-ϱ , and T max did not show significant differences between ETA treatments. This is supported by Fig. 1 , where nearly superimposed plasma concentration curves were observed for the four different ETA treatments. The effect of sequence for C max and AUC 0-ϱ did reach statistical significance. Table 3 provides the 90% confidence intervals for the ratio (test/reference, as a percentage) of geometric LS means of C max and AUC 0-ϱ Table 4 shows a summary of concentrations relative to individual C max values at each time point (0.25 to 4 h). The median percentage of C max attained was highest between 2 and 3 h (range, 84 to 87% of C max ), indicating that samples obtained between 2 and 3 h postdosing are more likely to capture the maximal concentration than samples taken at other times.
The fasting treatment (n ϭ 12) population ETA median PK parameter estimates (with CVs in parentheses) were as follows: K a , 0.48 h Ϫ1 (136%), t 1/2abs, 1.4 h (40%), V/F, 2.4 liters/kg (30%), CL/F 64.5 liters/h (24%), k el , 0.39 h Ϫ1 , (26%), and t 1/2 , 1.8 h (37%). The other treatment parameter values, as well as the overall pooled (n ϭ 48) population parameter estimates, were very similar to the fasting treatment values. The only statistically significant difference was observed for the PK parameter V/F (ANOVA, P ϭ 0.045), which was largest for the food and antacid treatments. No analysis was performed on the urinary data because the concentrations of ETA in urine were below the detection limit.
Simulation of eight daily doses of ETA at 500 mg per dose showed that the 24 h concentration for all days was below the limit of quantitation (Ͻ0.20 g/ml), so no accumulation would be expected. Simulation of 16 doses of ETA at 500 mg per dose given every 12 h showed that the C max on day 1 was approximately 95% of the steady-state value. The third-dose (day 2) C max was Ͼ99% of the steady-state value, with little change thereafter. Therefore, samples collected as early as day 2 of treatment would provide a reasonable estimate of the steadystate C max (Table 4 ).
DISCUSSION
ETA is known to be poorly tolerated (15, 24, 28) . Gradually increasing the dose and dividing the total daily dose into two or three daily doses are routine strategies to prevent or minimize gastrointestinal disturbances associated with this drug (1) . Enteric-coated ETA tablets have been developed in an attempt to improve tolerability; however, no significant reduction in gastrointestinal symptoms has been found. Moreover, the entericcoated tablet was associated with lower and more variable concentrations in plasma (10, 28) . Since multiple medications were administered in this study, it is difficult to incriminate ETA as the causal agent of the untoward reactions. Clofazimine and para-aminosalicylic acid may also cause gastrointestinal intolerance (14, 22, 23) .
The PK parameters observed in this study are consistent with prior reports. Mean C max values ranging from 2.2 to 2.6 g/ml, with corresponding average T max values of 1.5 to 3 h, have been reported following a single 500-mg dose of ETA taken on an empty stomach (10) (11) (12) (13) 19) or with fruit juice (26) . For AUC 0-ϱ , we have previously found a similar value of 10.3 g ⅐ h/ml (19) . No studies of the PK behavior of ETA administered with food or antacids compared with that for administration to fasting subjects have been published.
Relatively high interindividual variability was seen in C max , T max , and AUC 0-ϱ . The CVs for C max ranged from 44 to 65% (59% for the fasting treatment) in the present study. In a previous study, the CV for C max was 36.6% for 12 healthy adult male volunteers (19) . The variability of AUC 0-ϱ ranged from 36 to 50% (36% for the fasting treatment) in this study compared to 22.2% in the earlier study (19) . Considerable variability has also been observed in the individual plasma ETA concentrations of samples drawn at 1, 3 and 5 h postdosing for 20 subjects treated for pulmonary tuberculosis (26) . ETA may undergo first-pass metabolism that could contribute to this variability (5, 11, 13, 25) . The wide range of body weights in our subjects also might have contributed to the variability. However, correction for body weight modestly increased the variability in the results, suggesting that this is not an important variable. Although they were not statistically significant in our analyses, we cannot rule out gender and age differences in PK that might have contributed to the higher variability. ETA may be administered with food, orange juice, or antacids or on an empty stomach, since no significant differences in the C max and AUC 0-ϱ were found between the four treatments.
The effect of sequence did reach statistical significance for C max and AUC 0-ϱ . The presence of carryover is unlikely, since the washout period of 14 days was more than sufficient to allow the complete elimination of ETA between study periods. The elimination half-life of ETA has been estimated to be less than 3 h (11) (12) (13) 19) . In addition, the predose ETA concentrations in plasma were below the detection limit for all subjects in all four periods. Similarly, samples drawn after 16 h did not exhibit any detectable ETA concentrations. Finally, ETA has not been shown to inhibit or induce hepatic microsomal enzymes.
The likelihood of finding a significant sequence effect when one is using a four-treatment crossover design is considerable, even in the absence of a true sequence effect (8) . Therefore, we do not consider this statistical result to be an important variable in the results.
Bioequivalence was assessed using standard equations. The interpretation of our bioequivalence results appears to be limited by the statistical power of the study. The ratios of geometric LS means (percent test/reference) for C max and AUC 0-ϱ were close to 100%, and no statistical differences were found for these two parameters between the four ETA treatments (ANOVA, P Ͼ 0.05). However, the data failed to meet the Food and Drug Administration (FDA) bioequivalence criteria. This is the typical situation encountered with highly variable drugs, those exhibiting a CV greater than 30% (2, 3, 6, 16, 25) . With a 40% intrasubject CV, 70 subjects would have been required to perform the procedure involving two one-sided tests, far more subjects than we could have enrolled (4, 6, 27) . Although strict criteria for bioequivalence were not met in this study for ETA in the presence of a high-fat meal, orange juice, or an antacid, the results show very small effects on mean bioavailability. It appears safe to administer ETA in the presence of a high-fat meal, orange juice, or aluminum-magnesium antacids as required to achieve patient adherence to the regimen.
ETA population PK estimates are relatively similar to those previously reported (11) (12) (13) 19) . The oral clearance values are slightly greater than the 51.2 liters/h that we have previously reported (19) . We have reported a similar value of 2.8 liters/kg for the volume of distribution after oral administration of ETA, while Jenner and colleagues have reported a smaller value of approximately 1.1 liters/kg following intravenous administration (12, 19) . Bioavailability is a major factor accounting for the larger values obtained for this parameter after oral administration of ETA.
The absence of detectable concentrations of ETA in the urine is consistent with the extensive metabolism of ETA, presumably occurring via the liver. So far, six metabolites have been identified, including the active sulfoxide (5, 11, 13) . Small fractions, ranging from 0.15 to 0.18%, of an ETA dose of 500 mg, were excreted unchanged in the urine, while an average of 1.2% was eliminated by this route as sulfoxide (11, 13) . The measurable amounts of ETA in the urine, although very small, contrast with our results. The use of a lower detection limit, on June 21, 2017 by guest http://aac.asm.org/ Downloaded from 0.01 g/ml compared to our limit of 0.2 g/ml, to determine urine ETA concentrations with a similar HPLC assay may have contributed to this difference (13) . Measurement of concentrations of ETA metabolites in plasma and urine was beyond the scope of this analysis. The fecal excretion of ETA has been negligible, with a reported value of less than 0.1% (13) . The PK behavior of ETA was not significantly altered by the different conditions studied. ETA can, therefore, be given with food, orange juice, or antacids or on an empty stomach, as needed, to improve tolerability for the patient.
